A non-linear dynamic model of large-signal amplt;fier based on a Volterra-like integral series expansion has been deduced and the measurement procedure for the evaluation of model parameters has been given.
Introduction
Characterisation and modelling of large-signal aniplifier is of basic importance in the design of commuriications systems. In fact, power amplifiers are among the most critical components in system design, owing tc the need for optimal trade-offs between different reqiiirements such as linearity, output power, bandwidth, poweradded efficiency, etc.. . In particular, for correct performance analysis of communication systems, accurate prediction of non-linear distortion and bandwidth limitations is strictly needed. At present, communication system design is based on the well-known amplitude/amplitude (AM/AM) and amplitude/phase (AM/PM) amplifier input/output characteristics, which enable the predicticn of large-signal performance only in the presence of strictly narrow-band modulated signals. However, in many cases modern communication systems involve modulated signals whose bandwidths are far from negligible with respect to the dynamic capabilities of the amplifiers, especially when these also include internal devices for distortion reduction through compensation of the non-1 inear conversion characteristics. In such cases, a more complex non-linear dynamic model, which takes into account the amplifier distortion due both to the large amplitude and the large bandwidth of the input signal, is needed. To this aim, a special-purpose non-linear modelling approa-h is proposed. It is based on a modified Volterra-like integral series expansion which is specially oriented to non-linear systems operating with modulated signals.
Non-linear dynamic model
We assume that the output u(t> of the large-signal amplifier can be expressed as a generic functional' of the input signal s ( t ) which, according to the line-function symbolism [ 11, can be expressed in the form:
(1) This equation simply means that the amplifier output u(t) depends non-linearly on the values of s(t -z) over a sufficiently large "memory interval" (0 S z S T,) around the instant t at which the output is evaluated. In all cases of practical interest the input signal s(t -7 ) , for any shift 7, can be described as a single carrier2 with generic iimplitude I a ( t -~] and phase L a ( t -7 ) modulations with respect to Tin the form:
where a(t -T) is the equivalent complex modulation envelope:
and fo the associated equivalent carrier frequency. Qn the basis of eqns.2,3 the amplifier response can be conveniently described by a Volterra-like integral series expansion Assuming a single carrier with a generic modulation is not a strong limitation, sincc any multicarrier band-pass signal can be described as an equivalent single-carrier signal with appropriate amplitude and phase modulations.
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By introducing the dynamic deviation e(t, z) (eqn.4),
eqn.1 can be rewritten as follows:
By expressing the functional of the two functions through a convenient series (see Appendix A), on the hypothesis that the bandwidth of the complex modulation envelope is so small to make the product of the amplitude of the dynamic deviations e(t,z,) for each r, almost negligible in practice and by considering only the spectral components of the output signal within the operating bandwidth U:) ( t ) centred around f o , it can be shown that the output signal can be expressed as follows [see A171:
According to this equation, the "in-band" output signal u8(t) can be computed as the sum of different terms. The first term represents the non-linear memoryless contribution, the second the purely dynamic linear contribution and the last two the purely dynamic non-linear contributions; the dynamic contributions are evaluated through a convolution integral expressed in terms of the dynamic deviations of the complex modulation envelope of the input signal (eqn.6). In particular, when the input signal is a non-modulated signal carrier, i.e. a(t) is a constant, according to eqn.6 each dynamic deviation is identically zero so that the corresponding output in eqn.8 is given only by the first term. It can be easily shown that the amplitude and the phase of H(f,,,lu(tl) simply correspond to the well known and widely used AMJAM and AMIPM amplifier characteristics. This means, in practice, that the AMIAM and AMRM plots, which are the only data normally-provided to characterise the large-signal amplifier response, simply represent a zero-order approximation (with respect to the dynamic deviations of the complex modulation envelope a ( t ) , of the system behaviour. Thus, in the presence of modulated signals, the commonly used AMJAM and AMIPM amplifier characterisation is sufficiently accurate only when the bandwidth of the complex modulation envelope a ( t ) is so small as to make the amplitude of the dynamic deviations u(t-.,)-a(t) for each zi almost negligible in practice. This constraint can not be met in many practical cases, when dealing with largebandwidth modulated signals. In such conditions, for better accuracy the generalised "black-box" modelling approach defined by eqn.8 can be used, by taking into ac- count more terms of the functional series expansion. In fact, even if the series has been truncated to the first order term ( n = 1 ), considerable improvement in accuracy is achieved with respect to the "coarser" zero order approximation of the conventional AMIAM and A M P M characteristics alone.
In particular, also the in-band output signal u,(t) can be expressed, according to eqn.8, in terms of the equivalent output complex modulation envelope b(t) in the form:
where:
b(t) = a(t)ff(f,,+it)i)+
Measurement Procedure
Iin order to characterise a large-signal amplifier by using the non-linear dynamic model defined by eqn.39, a suitable measurement set-up is needed. This can be based on the block diagram of fig.1 , where a complex envelope modulator and a demodulator, driven by the same 0:jCillator generating the carrier at the frequencyfo, are inserted respectively before and after the amplifier under tesi.; in such condition any test signal, characterised by a given complex modulation envelope a ( t ) , can be applied a1 the amplifier input, and the corresponding in-band output modulation envelope b(t) can be measured. The test signal chosen is the following:
(11) and consist of a carrier at frequency fo and amplitude C in addition to a sinusoidal side-band with frequency shift n and "small" amplitude C, (i.e. C, << C ); therefore it re-
Conclusion
A non-linear dynamic model of a power amplifier for communication systems, which takes into account the amplifier distortion due both to the large amplitude and the large bandwidth of the input signal, has been proposed. The expression of the output signal after virtually filtering all its spectral components which are far from the operating band has been deduced in terms of the dynamic deviations of the signal with respect to a reference signal whose amplitude and phase coincide with that of the input signal at the instant t at which the output is evaluated. The measurement procedure to deduce the parameters of the model has been also given. This component is already "in-band". By taking now into account the last term into eqn.AS, 
